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ABSTRACT
FARGO3D has been proposed to investigate numerically the gravitational interac-
tion of the planet with the gas disc, providing original outcomes. However, FARGO3D
does not consider the gas accretion of the planet that may affect the planetary migra-
tion process. Thus, the aim of this paper is to include a model for the gas accretion in
the FARGO3D code. For this task, we choose Russell’s scheme, which is an adaptation
of Kley’s model for the gas accretion onto migrating planets. Initially, we study the
influence of the gas accretion onto the planet on type II migration of giant planets.
For this purpose, we follow the evolution of the planets in a two-dimensional locally
isothermal disc with a specific accretion rate and different values of viscosity and plan-
etary mass considering two scenarios. In the first, the gas mass is withdrawn from the
disc and is not added to the planet. In the second the planets migrate, while their
masses grow due to the gas accretion. Then, we extend our study to estimate the time
needed for a low mass planet to open a gap in the gas disc, and compare its value with
the characteristic time of type I migration.
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1 INTRODUCTION
According to the classical theory of planetary formation, gi-
ant planets form in outer regions of the protoplanetary disc
where there is enough material available (Lissauer 1993; Pol-
lack et al. 1996). However, a large number of giant planets
with very short period orbits, known as “hot Jupiters”, has
been discovered (e.g. Udry & Santos 2007). One of the mech-
anisms, proposed to explain the locations of such planets,
is the planetary migration resulting from the gravitational
interaction of the planet with the gas disc (Masset 2000;
Ben´ıtez-Llambay et al. 2011; Kley & Nelson 2012; Baruteau
& Masset 2013; Baruteau & Papaloizou 2013). Indeed, this
interaction leads to an exchange of the angular momentum
between the disc and the planets, changing their orbital pa-
rameters and resulting, in general, in the reduction of the
planet’s semiaxes and damped eccentricities (Goldreich &
Tremaine 1980; Ward 1986; Meyer-Vernet & Sicardy 1987;
Lin & Papaloizou 1993; Ward 1997).
Several numerical codes have been employed to investi-
gate the gravitational interaction of the planet with the gas
disc, such as NIRVANA (Ziegler 1998) and FARGO (Mas-
set 2000), among others. However, the majority of the codes
? E-mail: luiz.paula@usp.br
does not consider gas accretion onto the planet or deal with
simplified models. This is due to the fact that the accre-
tion process depends on several aspects of the disc structure
and on a variety of physical processes and their considera-
tion increases significantly computational costs. Therefore,
little is known about how the accretion process affects the
local structure around the planet, and, consequently, how
it affects the planetary migration. Moreover, according to
the classical theory of planetary formation, the rate of the
gas accretion onto the planet also depends on the mass of
the planet. In fact, for low mass planets, the gas accretion
process is regulated by the Kelvin-Helmholtz contraction of
the planet’s gas envelope. On the other hand, as the mass in-
creases, the hydrostatic equilibrium breaks up and, as a con-
sequence, the planet enters in a runaway accretion regime,
at which the planet’s mass increases very fast.
There are two main migration regimes known as type I
and II migration. Type I migration occurs for low-mass plan-
ets (. 50MEarth), whose interaction with the disc is weak
enough to leave the disc structure almost unperturbed. This
type of migration can be approximated analytically by the
linear regime (Meyer-Vernet & Sicardy 1987), when the to-
tal torque on the planet due to the gas is defined by the
combined effects of the Lindblad and corotation resonances
(Ogilvie & Lubow 2006). Goldreich & Tremaine (1980) were
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the first to formulate the disc-planet interaction and de-
rive formulae for the migration process. Later, Tanaka et al.
(2002) extended the linear regime of excitation to three-
dimensional isothermal discs and recalculated the torques of
the Lindblad and corotation resonances.
On the other hand, type II migration occurs for high-
mass planets (> 0.5 MJ). In this regime, a planet opens
an annular gap, within which the disc surface density is re-
duced substantially from its unperturbed value; as a conse-
quence, the gas in this region contributes less to the torque
on the planet, thus reducing the amount of total torque of
the system (Bryden & Lin 1999; Ida & Lin 2004). The gap
is responsible for a coupling between the orbital migration
of the planet and the viscous evolution of the protoplane-
tary disc. So, in the case when the gas does not cross the
gap, the planet migrates inward in a timescale determined
by the disc’s viscosity (Lin & Papaloizou 1986; Ward 1997).
However, studies show that the gas can cross the gap via
horseshoe orbits, implying that the rate of migrates are dif-
ferent than those of the viscous evolution of the disc (Edgar
2004; Du¨rmann & Kley 2015).
The calculation of the migration rate of the planets of
intermediate mass is complicated because this process can-
not be fitted by neither the type I nor the type II migration,
thus this issue still remain open (Armitage 2010).
Numerical simulations allow us to investigate how the
accretion of gas onto the planet affects the flow of gas in the
gap, modifying the planet’s migration rate. For example,
Nelson et al. (2000), using the method originally described
by Kley (1999) for gas accretion of the planet, have found
that the orbital migration of massive planets is always in-
wards and that the planet reaches the central star after 104
initial orbital periods, regardless of the fact that the planet
is accreting mass or not. Later, Du¨rmann & Kley (2017),
adding some refinements for the gas accretion to the same
model, have shown that a fast migrating planet is able to
accrete more gas than a slowly migrating planet. Moreover,
they showed that the amount of gas crossing the gap changes
during the migration process as the migration slows down.
This work investigates type II migration considering
the model for gas accretion presented in Russell (2011) and
adapting it to suit the FARGO3D code (Ben´ıtez-Llambay
et al. 2015). Indeed, the FARGO3D code does not include
a model for gas accretion, although, this process can affect
the planetary migration. Following Russell (2011), we use
a timescale of gas accretion that considers the orbital pe-
riod of the gas around the planet. Additionally, we using
the minimum value between the Bondi radius and the Hill
radius. Finally, we introduce a gas accretion rate to deal with
small planets, using the Kelvin-Helmholtz contraction time
scale for planet’s gas envelope. In particular, we investigate
the influence of Russell’s gas accretion model on the type
II migration, and the time for a low mass planet to open a
significant gap in the disc.
This manuscript is organized as follows. In Sect. 2, we
describe the gas accretion model and introduce the numeri-
cal model for the disc in Sect. 3. In Sect. 4, we discuss how
the gas accretion model affects the migration of giant plan-
ets and compare our results with those reported in Du¨rmann
& Kley (2015) and Du¨rmann & Kley (2017). In Sect. 5, we
investigate the time it takes for a accreting planet with ini-
tial mass ' 20MEarth, on a fixed orbit, to open a gap in the
gas disc. Finally, we discuss the results in Sect. 6.
2 GAS ACCRETION SCENARIO
Kley (1999) was one of the first works to introduce a model
for gas accretion to a planet forming in the disc. Russell
(2011) modified the model including Bondi’s radius for gas
accretion zone, effects of the disc height, Kelvin-Helmholtz
gravitational contraction time scale, among others. The cal-
culation of the Bondi’s radius is a condition for the calcula-
tion of the gas accretion zone. Bondi’s radius determines the
region around the massive body immersed in the gas cloud,
from which the body captures the gas. By definition, in this
region, the resulting (thermal + relative to the body) veloc-
ity of the gas is smaller than the escape velocity of the gas
(Bondi 1952). This condition provides that
RBij =
2GMp
c2s + ∆v
2
ij
, (1)
where ∆vij is the module of the relative velocity between
the planet and gas residing in cell (i, j), cs is speed of sound
in the cell, G is the gravitational constant and Mp is the
mass of planet.
The radius of the accretion zone of the planet, Raij , is
then determined by the condition
Raij = min(RBij , RH), (2)
where RH is the Hill radius of the planet given by
RH = a
(
Mp
3M?
)1/2
, (3)
with a and M? denoting the semimajor axis of the planet
and the mass of the star, respectively. Defined in this way,
Raij determines a minimum distance at which a cell should
be from the planet, to be considered within the accretion
region of the planet. If the distance from the cell to the
planet rij is smaller than Raij , then the gas will be removed
from this cell during accretion.
The mass of gas removed from a cell with position [i, j]
inside the accretion zone in a particular time step dt (intrin-
sic time of the hydrodynamic code), is calculated as
δmij = fijΣijAijdt, (4)
where Σij is the cell surface density, Aij is the cell surface
area and fij is the frequency with which the gas is removed
from the cell, defined by
fij =
1
2pi
√
GMp
r3ij
, (5)
where rij is the distance between the cell and the planet.
Thus, the total mass, ∆mn, removed from all accreting cells
per nth time-step , is a sum
∆mn =
∑
i,j
δmij , (6)
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and the mass of planet is then increased by this amount.
The linear momentum is also transferred from the gas
to the planet during accretion. However, according to results
obtained by Du¨rmann & Kley (2017), this process does not
change significantly the migration rate of the planet. So,
in this paper, we choose to work only with the increase in
planetary mass.
The application of the Bondi’s radius to calculate the
accretion zone results in a dynamic accretion rate, which
varies around the planet. The model is adaptable for the
runaway regime for gas accretion of giant planets. On the
other hand, low mass planets are outside the runaway regime
and, as shown in Russell (2011), do not accrete mass in a
rate beyond the Kelvin-Helmholtz contraction time scale.
Indeed, the Kelvin-Helmholtz gravitational contraction time
scale, τKH, represents the characteristic growth time of a
planet’s gas envelope. Ikoma et al. (2000) found that τKH is
strongly dependent on the planetary mass and is expressed
approximately as
τKH ' 10b
(
Mp
M?
)−c(
κ
1cm2g−1
)
yr, (7)
where κ is the grain opacity with power index b = 8 and
c = 2.5. In the present work, however, we adopt an approach
used in Ida & Lin (2004), setting κ = 1.0 cm2g−1, which
gives
τKH ' 108
(
Mp
M?
)−2.5
yr. (8)
This expression gives an approximate growth time of the gas
envelope for a planet with low mass.
According to Russell (2011), the rate which limits gas
accretion onto the planet is determined by the minimum be-
tween the potential gas accretion rate (M˙U) and the Kelvin-
Helmholtz gas accretion rate (M˙KH) for a particular time
step dt (intrinsic time of the hydrodynamic code):
M˙ = min(M˙U, M˙KH) = min
(
∆mn
dt
,
Mp
τKH
)
, (9)
where τKH is given by Eq. 8 and ∆mn by the Eq. 6.
The accretion rate given by Eq. 9 determines the ratio
of gas removed from the cells within the planet’s accretion
zone. The ratio of gas accretion, µ, is:
µ =
M˙KH
M˙U
, (10)
where µ 6 1. The mass removed from each cell in the planet’s
accretion zone is reduced by µ. Thus,
δmij = µfijΣijAij . (11)
This equation implies that, if µ < 1, M˙KH < M˙U, and,
consequently, the Kelvin-Helmholtz rate limits the gas ac-
cretion. Otherwise, µ = 1 and the accretion of gas occurs in
the runaway regime.
In summary, unlike the scenario described in Kley
(1999), the model described by Russel allows us to work
with the accretion mechanism for small planetary masses us-
ing the Kelvin-Helmholtz contraction time scale for planet’s
gas envelope. Besides that, it is possible to adapt the size of
the accretion zone taking into account the radius of Bondi.
In addition, Russell’s model uses, for the runaway regime, a
timescale of gas accretion that considers the orbital period
of the gas around the planet that results in a dynamic range
of accretion time scales for each cell where gas is accreted.
In this work, Russel’s model described above has been
adapted in FARGO3D, for use in GPU programming.
3 NUMERICAL SETUP
To reduce high computational costs, we apply the hydro-
dynamic code FARGO3D (Ben´ıtez-Llambay et al. 2015) in
the 2D regime in our simulations. The advantage of using
FARGO3D in 2D setup, instead of using its predecessor
FARGO, is that FARGO3D allows GPU computation, thus
reducing computational time. The application of the three-
dimensional model to gas accretion study is left for future
works.
In order to compare results, we choose setup parameters
similar to those adopted for the NIRVANA code in Du¨rmann
& Kley (2015). Assuming a thin gas disc, with typical ver-
tical height (H) much smaller than its radius, we introduce
a 2D approximation of the problem. The disc is considered
to be locally isothermal, with viscosity defined by the pa-
rameter α from Shakura & Sunyaev (1973). The star, with
M? = 1M, is located at the origin of a cylindrical coordi-
nate system, while the disc extends from 1.56 to 15.6 au (0.3
to 3.0 in code units). The resolution of the disc is fixed at
582 × 1346 cells equally spaced and no significant differences
(< 5%) in the final position of the planet and the migration
time have been found using higher resolutions. The planet of
mass Mp is placed initially on a circular orbit at a distance
of w5.2 ua, that corresponds to r = 1.0 code units.
Following Du¨rmann & Kley (2017), we work with a
steady accretion flow through the disc, that is, with the
constant local accretion rate m˙. In this situation, the ra-
dial and angular components of the velocity of gas, vr and
vθ, respectively, are given by (Du¨rmann & Kley 2015):
vr = −3
2
αh2rΩK, vθ =
√
1− 3h
2
2
rΩK, (12)
where ΩK =
√
GM?/r3 is the Keplerian orbital frequency of
the gas at the position r and the parameter h corresponds to
the relative disc thickness and has constant value h = H/r =
0.05. The surface density of the disc is given by (Du¨rmann
& Kley 2015):
Σ =
m˙
3piαh2
√
(GM?)
r−1/2 = Σ0r
−1/2, (13)
where Σ0 is the superficial density at r = 1 code units. These
equations can be obtained for stationary accretion disks with
constant accretion rate.
Table 1 shows the parameter space used in our simula-
tions. Throughout the paper we will refer to the disc defined
by the of parameters (α, q, m˙) = (0.003, 0.001, 10−7 M?
year
)
as the standard disc, with q = Mp/M?. It is worth men-
tioning that in the FARGO3D code the initial profile of the
surface density of the disc is obtained through the free pa-
rameters for the disk aspect ratio (h = 0.05), the flare of the
MNRAS 000, 1–11 (2018)
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Table 1. Space of parameters. The values of α and q (q =
Mp/M?) are dimensionless. We define a standard parameter set
as (α, q, m˙) = (0.003, 0.001, 10−7 M?
year
).
α q m˙
(
M?
year
)
0.001 0.0002 1× 10−9
0.003 0.0005 1× 10−8
0.01 0.001 1× 10−7
Table 2. Values for Σ0 in kg ·m−2 for each set of parameters.
α \ m˙ 1× 10−7 M?
year
1× 10−8 M?
year
1× 10−9 M?
year
0.001 2626.3 262.63 26.263
0.003 8743.4 874.34 87.434
0.010 2626.3 262.63 26.263
disc (γ = 0) and the surface density in r = 1 (Σ0). Table
2 displays the values of Σ0 obtained for each parameter set
(α,m˙) according to Eq. 13. The values are in kg ·m−2.
We modify the FARGO3D code in such a way that the
torque on the planet due to the gas is reduced when the
gas is inside a region with radius equal to 0.8RH around the
planet. Following Du¨rmann & Kley (2017), we use a Fermi-
like tapering function the given by
ftaper(rcell) =
1
1 + exp
(
− rcell−0.8RH
0.8RH
) , (14)
where rcell is the distance of the cell to the planet and RH
is the planet’s Hill radius.
For comparison purpose, we choose the same boundary
conditions used by Du¨rmann & Kley (2015). So, we disable
the damping of the surface density in the FARGO3D code, to
avoid accumulation of gas at the inner boundary and allow
gas to flow freely as desired.
4 GIANT PLANET MIGRATION
In order to investigate how Russell’s accretion model (Rus-
sell 2011) affects the type II migration, we analyse two sce-
narios for the migration of giant planets. In the first scenario
(Sec. 4.1), the planets do not grow during migration, that
is, the gas mass is withdrawn from the disc and is not added
to the planet. In the second scenario (Sec. 4.2), the planets
migrate, while their masses grow due the gas accretion.
First, we need to know how the gas accretion of the
planet affects the profile of the gap, also as the flow of gas
through the gap opened by the planet modifying the torque
on the planet. Additionally, we analyse the rate of planetary
migration for different values of the disc viscosity. In this
work we have three conditions for the viscosity of the disc,
we use the term low viscosity when α = 0.001, medium
viscosity when α = 0.003 and high viscosity when α = 0.01.
These analyses require the gas disc to be in equilibrium.
Thus, following the approach of Du¨rmann & Kley (2015), we
calculate the time needed for the disc to reach the steady
Figure 1. Profiles of the local accretion rate obtained for the
standard parameter set (α, q, m˙) = (0.003, 0.001, 10−7 M?
year
), with
a planet at r = 1. The profiles are shown at four different instants
after the beginning of the calculation. Time is dimensionless and
is defined in terms of the number of orbits of the planet fixed at
r = 1 code units.
state. Figure 1 shows the profiles of m˙(r) as a function of the
radius of the disc after different time periods, calculated for
the planet of 1.0MJ fixed at r = 1 code units. To calculate
the local accretion rate, we include a specific subroutine in
the FARGO3D code, which integrates the azimuthal mass
fluxes produced by the code.
As seen in Figure 1, although the profile of the accretion
rate does not attain a constant value, it converges to a nearly
flat function between 5000 and 5800 orbital periods of the
disc. Thus, we can assume that the disc reaches equilibrium
state after 5000 orbits and adopt this value as a standard
timespan.
Figure 2 shows the azimuthally averaged surface density
for non-accreting (solid lines) and accreting (dashed lines)
planets, obtained after 5000 orbital periods of the disc, for
the three values of planetary masses and three different vis-
cosity regimes used in our simulations. As expected, we ob-
serve the completely developed gaps in all cases. The gaps
are increasing in depth with the increasing planet mass and
the decreasing viscosity of the disc. The regions of overden-
sity at the positions of the planets (r = 1 code units) ap-
pear in the case when accretion processes are not considered
(solid lines). This is due to the accumulation of gas around
the non-accreting planet, treated as a point in the hydrody-
namic mesh; when the gas accretion into the planet is taken
into account, this artefact disappears (dashed lines). Finally,
we have performed the same simulations for different accre-
tion rates of the disc, (10−8M?yr−1 and 10−9M?yr−1), but
we have not observed any significant difference; the same
behaviour is reported for the NIRVANA code in Du¨rmann
& Kley (2015).
4.1 Migrating planets without growth
Soon after the gas disc reaches equilibrium, the planets are
allowed to migrate. We followed the migration tracks of plan-
ets for the parameter sets shown in Table 1. The measure-
ments were performed for accreting and non-accreting plan-
ets during 1200 orbital periods of the disc; in the accreting
case, the mass withdrawn from the disc was not added to
the planet.
The migration tracks obtained are shown Fig. 3, where
MNRAS 000, 1–11 (2018)
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Figure 2. Azimuthally averaged surface density for non-accreting (solid line) and accreting (dashed line) planets for different values of
the planet mass (left: ' 0.2MJ or q = 0.0002, middle: ' 0.5MJ or q = 0.0005 and right: ' 1MJ or q = 0.001). The blue lines corresponds
to α = 0.001, the red lines to α = 0.003 and orange lines α = 0.010. The black line indicates the initial density at the beginning of the
simulation without planet.
Figure 3. Planet migration tracks for different model parameters. In the left frame we have a planet mass of ' 1MJ (or q = 0.001)
on a disc with accretion rate 10−7M/yr for different viscosity values (blue: α = 0.001, red: α = 0.003 and orange: α = 0.015). In the
central frame we have a planet mass of ' 1MJ (or q = 0.001) on a disc with α = 0.003 and different accretion rates (orange: 10−7M/yr,
red: 10−8M/yr and blue: 10−9M/yr). In the right frame we have different planetary masses (blue: ' 0.2MJ or q = 0.0002, orange:
' 0.5MJ or q = 0.0005 and red: ' 1.0MJ or q = 0.001) in a disc with α = 0.003 and accretion rate 10−8M/yr. The solid line is for
non-accreting planets, and the dashed line for accreting planets.
the parameters of the standard set are changed one-by-one,
in order to analyse the behaviour of the planet. We show
the dependence of the rate of migration on the viscosity of
the disc in the left frame of Fig. 3. In the case of high vis-
cosity (α = 0.015), there is a notable difference between
the behaviour of accreting (dashed line) and non-accreting
(solid line) planets. With decreasing α, the difference also
decreases and we note no difference in the case of low vis-
cosity (α = 0.001).
The middle frame of Fig. 3 shows that the behaviour of
the planet for different accretion rate of disc is only slightly
different for accreting (dashed line) and non-accreting (solid
lines) planets.
According to the right frame of Fig. 3, the effect of ac-
cretion process is much more significant for low-mass plan-
ets. This is due to the fact that it accelerates the opening
of the gap in a region where the gravitational effect of the
planet is less intense.
MNRAS 000, 1–11 (2018)
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As shown in Fig. 3, in general, the orbital decay of the
planet is slower for accreting planets than for non-accreting
planets. This difference is less significant with the increase
of the planetary mass (right frame) and for the decreasing
accretion rate of disc (middle frame). This is due to the fact
that the density along the disc decreases with the decrease
of the rate of accretion (see Eq. 13); as a consequence, the
total mass of the disc also decreases. Moreover, the gas mass
in the nearby region of the planet also decreases when plan-
ets are accreting. In fact, this decrease in the gas mass near
the planet causes the effect of the torque on the planet to
decrease, thus, large planets in low mass discs have a smaller
effect on their migratory process due to gas accretion. Sim-
ilar results were obtained by Du¨rmann & Kley (2015) using
a different model for gas accretion.
It should be noted that some simulations were excluded
from our analysis. This is the case when the planets escape
from the gap, what occurs for the non-accreting planets with
the masses of 0.2MJ and 0.5MJ, in the low (α = 0.001) and
medium (α = 0.003) viscosity regime. This also occurs for
the planet with the mass of 0.2MJ for accreting planets in
all viscosity regimes considered.
In what follows, we analyse how the gas accretion model
influences both the gap profile and the mass fluxes in the
gap.
4.1.1 Gap profiles for accreting and non-accreting planets
The gap created by the planet in the disc has a significant
impact on the migration process because the decreasing su-
perficial density of gas in the gap region reduces the contri-
bution to the torque on the planet (Du¨rmann & Kley 2015).
Figure 4 shows the time evolution of the gaps created
by non-accreting planets (left panel) and accreting planets
(right panel). We compare the plots when the planet is in
the same radial position, consequently, time is different in
both plots. Looking at the planet at given positions helps to
better understand the difference in local physical processes.
For accreting planets, we note a larger lost of mass at the
inner border of the disc due to the boundary conditions.
When the planet is far away from the inner border of the
disc, this effect does not influence on the profile of the gap.
A similar analysis was done for different parameter sets from
Table 1 and the conclusion made is that effect is stronger in
the higher viscosity regime and for lower accretion rate of
disc.
Figure 5 shows the local disc structure in the gap region
obtained for the standard parameter set. The gap profile
suffers no significant changes during the migration process
of accreting and non-accreting planets. In addition, in Fig.
5, we observe that the density bump (mass concentration
around the position of the planet) is eliminated in the case
of accreting planets. This feature remains during planetary
migration and the same effect can be observed for different
values of the planetary mass and accretion rate of the disc.
Considering different values of the disc mass (i.e., ac-
cretion rate of the disc), we have found that, for fixed α-
value, the gap structure near the planet does not change
considerably, in both cases of accreting and non-accreting
planets. These results agree with the results obtained with
the NIRVANA code in Du¨rmann & Kley (2015), where only
non-accreting planets were investigated.
Figure 4. Global gap profiles obtained for the standard parame-
ter set, at three different times during planet migration. The left
frame corresponds to non-accreting planets, while the right frame
corresponds to accreting planets.
Figure 5. Gap profiles obtained for the standard parameter set,
at different positions of the planet in the disc during its migration
path. The gap is re-scaled using the local disc scale height, H,
at the position of the planet. The curves correspond directly to
those shown in Fig. 4. The left frame corresponds to non-accreting
planets, while the right frame corresponds to accreting planets.
In summary, for accreting planets, our results show that,
despite the accretion of gas generating deeper gaps, the gas
accretion does not alter significantly the gap profile around
the migrating planet provided that the gap is established.
4.1.2 Flow across the gap for accreting and non-accreting
planets
Figure 6 shows the averaged azimuthal torques, which act on
non-accreting (left panel) and accreting (right panel) plan-
ets, in their close vicinity. The torques were calculated for
the standard parameter set. The magnitude of each torque
is normalized with respect to the maximum value obtained
along the radial distance. In both cases, the torques are sta-
bilised in a few hundred orbits and reach the highest values
in the vicinity of the planet (from -5 to +5 in the x–axis in
Fig. 6). For both accreting and non-accreting planets, the
plots shows that the torques depend only slightly on the
position of the planet in the disc.
Additionally, Fig. 6 shows that the torque produced by
the internal disc is proportionally stronger (of the order of
10%) for accreting planets than for non-accreting planets.
MNRAS 000, 1–11 (2018)
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Figure 6. Normalized torques for the same model as in Fig. 5,
at the same times and respective positions. The left frame cor-
responds to non-accreting planets, while the right frame corre-
sponds to accreting planets. The gray area is the attenuated re-
gion within the Hill radius.
Figure 7. Azimuthally averaged local accretion rate, m˙(r), at
different positions of the planet during the migration of the planet
for the same model as in Fig. 5.
The similar behaviour was observed in the low viscosity
regime. In the case of the high viscosity regime, we have
noticed a positive torque which was closer to the accreting
planets. The gray area in Fig. 6 shows the region of atten-
uation defined by Eq. 14. For accreting planets, the torque
within this region is smaller that is related to the decreasing
mass due to the gas accretion by the planet.
In Fig. 7, we show the mass accretion rate in the neigh-
bourhood of the planet, m˙(r), at different positions of the
migrating planet, for non-accreting (left frame) and accret-
ing (right frame) planets. For non-accreting planets (left
panel), there is a large positive flow (contrary to the move-
ment of the planet), which arises due to the fact that the
migration velocity of the planet is higher than the viscous ac-
cretion speed. The same behaviour was observed in the case
of low viscosity regime. On the other hand, in the high vis-
cosity regime, with low accretion rates for the disk, we have
found some cases for which the gas flow is negative in the
region close to the planetary gap. In this cases the migration
velocity of the planet is lower that the viscous speed. These
results are very similar to those obtained by Du¨rmann &
Kley (2015) for NIRVANA code, for non-accreting planets.
For accreting planets (Fig. 7 right), we note a sharp fall
of the gas flow in the accretion region. This is due to the
fact that the planet is treated as a massive point in the hy-
drodynamic mesh, despite that the mass is withdrawn from
the disc in the accretion region around the planet. Analysing
the mass flow around the planet in the case of high viscos-
ity regime, we have noted that the fall of the gas flow is
sharper due to the fact that the gas mass near the planet is
smaller in this case. The observed asymmetry of the gas flow
in the case of the accreting planet results in a distribution of
gas around the planet, which is different from that around
the non-accreting planet. As a consequence, the differential
torque is smaller for accreting planets when compared to
that for non-accreting planets.
Finally, in the case of low accretion rate of the disc and
the high viscosity regime, the positive torque due to the
internal disc is proportionally higher in regions close to the
planet than in the case of the medium viscosity regime. How-
ever, the effect of attenuation of torques on the planet given
by Eq. 14 does not allow the reverse migration of accreting
planets.
4.2 Migrating planets with mass growth
In this section we analyze the growth of a planet with the
initial mass of ' 1MJ. Since, in this case, we do not need to
wait for the disc to attain the equilibrium state, we allow the
planet to start migrating after only 300 orbits, which is the
time necessary to the disc stabilize in the planet’s presence.
In the first 300 orbits, the planet is fixed on circular orbit,
the gas is removed from the disc and the mass of the planet
is kept constant.
To understand the influence of the planetary mass in-
crease on the planet’s migration process, we compare differ-
ent scenarios of gas accretion onto the planet. In the first
scenario, described in Kley (1999), the accretion rate is ad-
justed by the parameter ka, which is a factor of increase
or decrease of accretion. The second scenario corresponds
to Russel’s model (Russell 2011) described in Sect. 2. Two
cases are observed: in case R, the mass is removed from the
disc, but does not added to the planet, while in case RA
the mass is removed and subsequently added to the planet.
The linear moment of the accreted gas is not added to the
planet, since its change does not interfere significantly on
the resulting process (Du¨rmann & Kley 2017). Finally, for
the sake of comparison, we include a model N, which does
not consider for gas accretion, thus no mass is removed from
the disc by the planet.
The time evolution of the semimajor axis of the planet
with initial mass equal to' 1MJ, in the different scenarios, is
shown in Fig. 8. Comparing the N model (black curve) with
the R (blue curve) and RA (cyan curve) models, we can
observe that the removal of mass from the region around the
planet decreases significantly the migration rate. Moreover,
when the removed mass is added to the planet, the planetary
inertia increases and, consequently, the the migration rate
decreases. The decay of the semimajor axis in the model
RA follows closely Kley’s model with larger value of the
parameter ka = 2.0. According to Du¨rmann & Kley (2017),
this value is a saturated upper limit of the accretion rate.
The growth of the planetary mass initially with ' 1MJ
is shown in Fig. 9, where the continuous cyan curve cor-
responds to Russell’s model RA, while the dashed curves
correspond to Kley’s model, with different values of the pa-
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Figure 8. Orbital decay of a planet with initial mass equal to
' 1MJ. Model N: no matter is removed from the gas disc. Model
R: the gass is removed, without be added to the planet. Model
RA: the gas is removed according to Russell’s approach (2011)
and added to the planet. Kley’s approach (1999) is used with the
different values of the parameter ka, 0.2, 0.5, 1.0 and 2.0, when
the mass is added to the planet.
Figure 9. Growth of a planet with initial mass equal to 1MJ. In
the model RA the gas is removed according to Russell’s approach
(2011) and added to the planet. In the model with ka = 0.2, 0.5,
1.0 and 2.0 the mass is removed using Kley’s approach (1999) and
the mass too is added to the planet.
rameter ka. We observe that, according to the model RA,
the planet reaches the mass of more than 3.5MJ in 1000 or-
bits, which is very similar to what is observed using Kley’s
model with ka = 2.0. This shows that, indeed, the runaway
regime for gas accretion in Russell (2011) is equivalent to
the model in Kley (1999) for high accretion rates.
The surface density of the gas around the planet when
the planet crosses r = 0.85R0, is shown in Fig. 10, for the
same models presented in Fig. 8. As expected, the gap is
deeper when the planetary mass is higher at that instant,
Figure 10. Surface density profile close to the planet for the
different models of accretion when the planet has reached r =
0.85R0. Model R: the gass is removed, without be added to the
planet. Model RA: the gas is removed according to Russell’s ap-
proach (2011) and added to the planet. Kley’s approach (1999)
is used with the different values of the parameter ka, 0.2, 0.5, 1.0
and 2.0, when the mass is added to the planet.
that happens for higher gas accretion rates. According to
Fig. 9, the larger values of the mass correspond to the sce-
narios RA and ka=2.0. Also, the higher accretion rates are
responsible for the decreasing of the overdensity effect in the
vicinity of the planet. Once again, we notice that the result
obtained for the runaway regime with model RA is very
similar to that obtained with ka = 2.0.
Fig. 11 shows gas accretion rates for a growing giant
planet. The behavior for the gas accretion rate in runaway
regime is qualitatively very similar to the one obtained by
Mordasini et al. (2012), that uses a more complex model for
gas accretion. However, in our model the planet can migrate
and the disc model is different, so the results can not be
compared in quantitative terms. A more detailed analysis
that includes an adiabatic disk will be carried out in future
works.
The results obtained show that Russell’s model (Russell
2011) and Kley’s model (Kley 1999) provide similar results
when work with the giant planets in the runaway regime
for gas accretion. However, the model in Kley (1999) is not
adapted to simulate the accretion of the low mass planets,
because it does not account for the Kelvin-Helmholtz scale.
In contrast, Russell’s model can be used to investigate the
growth of the low mass planets since it adopts this approach.
5 GROWTH OF LOW MASS PLANETS
In order to study the accretion process in the case of low
mass planets, we place a planet of mass ' 20MEarth in a
fixed orbit (r = 1 code units) and analyze the increase of the
planetary mass using the model for gas accretion described
in section 2.
Figure 12 shows the in situ growth of the planet in the
disc described by the standard parameter set from Table
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Figure 11. Gas accretion rates as a function of time. Model
RA: the gas is removed according to Russell’s approach (2011)
and added to the planet. Kley’s approach (1999) is used with the
different values of the parameter ka, 0.2, 0.5, 1.0 and 2.0, when
the mass is added to the planet.
Figure 12. In situ formation of initial mass planet ' 20MEarth
at r = 1 code units using the model for gas accretion described
in section 2.
1. We observe that initially the planetary mass increases
monotonously and slowly, but this process accelerates signif-
icantly when the planet enters in the runaway regime. This
occurs after approximately 1800 orbits, when the planetary
mass reaches ∼ 0.2MJ, this behaviour is in agreement with
other models for gas accretion (Alibert et al. 2005; Fortier
et al. 2013). It should be noted that any model which con-
siders only runaway accretion regime, would not be able to
reproduce this behaviour, since, in this case, the formation
time would be very short. The runaway accretion decreases
the time for the planet to establish type II migration, since
the gas along the planetary orbit is quickly exhausted.
Fig. 13 shows gas accretion rates for the planet fixed in
r = 1 code units. The behavior for the gas accretion rate
Figure 13. Gas accretion rates as a function of time for the situ
formation of initial mass planet ' 20MEarth at r = 1 code units
using the model for gas accretion described in section 2.
is similar to the one obtained by Mordasini et al. (2012),
that uses a more complex model for gas accretion. The only
difference observed is the scale of the accretion rate, which
is due to the fact that our model for the gas disk has a
much higher surface density, thus resulting in higher accre-
tion rates. In Mordasini et al. (2012) it is also possible to find
a complete scenario that includes the formation of the solid
core. Here, we already start with a mass of ' 20MEarth. A
complete scenario including a solid accretion model within
the FARGO3D is under development and will be analyzed
in future work.
We analyze the effect of gas accretion on the movement
of the gas around the planet by performing a streamline
analysis, shown in Fig. 14. In Fig. 14a, we observe that,
at the beginning of the accretion process, the accreted gas
comes from regions near the planet. Moreover, we notice
a high gas density region around the planet. In Fig. 14b,
the gravitational perturbations due to the planet tend to
clear the gas along the planetary orbit, at the same time
increasing the gas density in the region close to the planet.
The accretion rate of gas is still too slow to decrease the gas
density close to the planet. As the planetary mass increases,
the gas mass tends to accumulate in the spiral arms. The
mass transfer from the outer disc to the inner disc in the
region close to the planet is still small.
In Fig. 14c, the planet starts to accrete the gas in the
runaway regime; we see the mass depletion in the region
around the planet, and the gas density around the planet
tends to decrease. Following, the planet begins to accrete gas
from the connection of the inner disc with the outer disc. In
Fig. 14d, we see a stronger mass transfer between the inner
and outer disc. The gas tends to surround the planet and the
high rate of gas accretion tends to clear the nearby region of
the planet. Finally, in Fig. 14e, an amount of gas surrounds
the planet, where it is accreted to the planets, while the rest
of the gas is accelerated by the planet and driven to the inner
disc. Thus, we can observe an intense mass flow between the
inner and outer discs.
In summary, much of the mass during the early stages of
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Figure 14. The grid mesh colored with the log of the superficial
density (in kg/m2) and with the streamlines in the planet’s frame.
(A) ' 30MEarth (t = 1210 orbits), (B) ' 0.2MJ (t = 1800 orbits),
(C) ' 0.5MJ (t = 1880 orbits), (D) ' 1.2MJ (t = 1895 orbits)
and (E) ' 2.0MJ (t = 1910 orbits).
accretion comes from regions along the orbit of the planet.
However, with the increase of the planetary mass and the
clearing of the orbital region, a connection between the in-
ner and outer discs is established, from where the mass is
accreted now. In any case, despite the accretion of gas, the
time needed for the planet to clear its orbit is still very
long. Thus, type I migration would be sufficient to drive the
planets close to the star until the planet enters a type II
migratory process.
In the model investigated in the paper, the gas accretion
process for low-mass planets does not depend substantially
on the position of the planet in the disc. It should be stressed
that we do not consider solid core growth due to accretion
of planetesimals that is a process which is strongly depen-
dent on the density of solids along the disc. Therefore, it is
necessary to consider accretion of solids to increase the rate
of mass accretion. In addition, the accretion rate of solids
is important in determining the critical mass for which gas
accretion begins (Ikoma et al. 2000). A model for accretion
of solids will be elaborated in future work.
6 CONCLUSIONS
In this work we studied the migration of massive planets in
locally isothermal disc in equilibrium using the FARGO3D
code. Initially, the position of the planet was fixed and the
structure of the gap was analyzed for different values of the
planetary mass and disc viscosity (Fig. 2). We obtained that
the depth of the gap increases with planet mass and reduces
with increasing viscosity. This result is in agreement with
that obtained by Du¨rmann & Kley (2015) using the NIR-
VANA code for non-accreting planets. For accreting planets,
the gaps are deeper, while the overdensity regions close to
the planets are vanishing. The results above are independent
of the initial accretion rate of the disc.
Analyzing the flux through the gap during the migration
process, we observe rapid inward migration in the case when
the planet decays faster than the typical viscous inward drift
of the disc material. We find that, for smaller disc mass
and higher viscosity, the planet decays more slowly than the
typical viscous inward drift of the disc material.
In this paper, we performed simulations for both non-
accreting planets and accreting planets. In latter case, we
adapt a model for gas accretion from Russell (2011), to cal-
culate the rate of accretion. Our main goal is to use a more
rigorous and robust gas accretion scheme that is valid and
consistent for a larger range of planetary masses. In this
model, the size of the accretion zone is obtained taking into
account the planet’s Bondi radius and the Hill radius; in this
way, physical characteristics of the disc, such as its thermal
velocity, become important to determine which cells belong
to the accretion region. The timescales involved in accreting
gas onto a planet are also calculated cell-by-cell using the
orbital period about the planet instead of the predefined
orbital period in the predecessor code. This modification al-
lows us to obtain an accretion rate in the runaway regime
that is closer to the Bondi accretion limit.
Also, we take into account the Kelvin-Helmholtz col-
lapse time-scale in approximation of the planet’s gas accre-
tion rate for small masses. This modification allows us to
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study the gas accretion process for planets which have not
yet reached the runaway regime.
As expected, the reduced mass in the vicinity of the
planet reduces migration rate for accreting planets. The dif-
ference in the values of the migration rates becomes less
significant with the increase of the planetary mass (Fig. 3,
right) and with the decrease of disc accretion rate (Fig. 3,
center). Also, the effect of the gas accretion is more signifi-
cant in higher viscosity regimes (Fig. 3, left). In fact, in low
viscous discs, the mass tends to accumulate faster in the re-
gions around the planet and accretion can not account for
cleaning the region in order to change significantly the dif-
ferential torque. Minor planetary masses are more affected
from the accretion process, because the smaller the mass of
the planet, the smaller the gravitational effect that prevents
the mass from entering the gap, therefore, the process of ac-
cretion tends to clean the region of the planet favoring the
appearance of the planetary gap.
In this work, we study only 2D discs. For massive plan-
ets, the averaged gap profile is identical for 2D and 3D discs
and we may expect very similar effects for the planetary mi-
gration. Nevertheless, it may be interesting to perform 3D
simulations and analyze the migration properties because
little is known yet about the mechanism of gas accretion in
the 3D case.
The size of the accretion zone depends on the thermal
velocity of the gas. Recent works show the importance of
considering the thermodynamical effects involved in the gas
accretion process. Changes in entropy can change the lumi-
nosity and the geometry of the accretion zone, thus modify-
ing the gas accretion rate of the planet. Recent 3D hydrody-
namic simulations show that supersonic shock fronts are im-
portant for analyzing the thermodynamics of the accretion
process (Marley et al. 2007; Szula´gyi & Mordasini 2017).
Thus, in future works, it would be interesting to explore
the changes that radiative discs could provoke in the accre-
tion zone. Models with larger numerical resolutions would
be needed in this case.
We test the model of gas accretion for the runaway
regime by considering a 1MJ mass planet migrating towards
the star and accreting mass during its motion. We note that
the runaway regime corresponds to that used by Kley (1999)
for parameter ka = 2.0. This agrees with the expected re-
sult given that the accretion of gas is close to the saturated
regime for this parameter.
Also, we simulated the growth of a low mass planet fixed
at position r = 1 code units and we evaluated the time to
enter the runaway regime and open the gap needed for type
II migration. We found a time of approximately 1800 orbits,
which is very high considering the rapid migration of type
I. Thus, the planet would fall in the star before being able
to open the gap. However, this has to be yet further investi-
gated. In fact, new parameters for the gas disc may reveal a
faster gap opening process, specially on heat transfer discs.
In addition, a complete model that includes the accretion of
planetesimals could give us an indication of when the gas
accretion process begins. These factors will be explored in
future work.
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